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Abstract. In this paper we consider some reasons for the occurrence of a positive near-anode 
potential drop during current constriction in high-current vacuum arc. It is shown that if the 
radius of constriction is much larger than the electron mean free path, then a positive voltage 
drop in the near-anode plasma sheath does not occur, but an additional drop may occur in the 
near-anode plasma layer due to the anomalous resistance. If the current constriction radius is 
much less than the electron mean free path, then a positive voltage drop in the sheath arises 
under the usual condition, and the kinetic instabilities in the near-anode plasma do not develop. 
1.  Introduction 
There are experimental evidences that under certain conditions a positive anode voltage drop occurs in 
the near-cathode region of the high-current vacuum arc (HCVA) [1], although the exact location of the 
potential drop is not determined experimentally. Some researchers believe that this positive voltage 
drop occurs inside the near-anode plasma sheath [1, 2], when an anode current density surpasses the 
electron thermal current density [3, 4]. Moreover, they suggest that this positive voltage drop may be 
the reason of the anode spot appearance.  
However, in [5, 6] it is shown that for the plasma parameters typical for HCVA the anode voltage 
drop inside the anode plasma sheath remains negative even at a current density higher than the 
electron thermal current density. The reason for that is the formation in the near-anode plasma of the 
electron shifted Maxwell distributions with the velocity shift corresponding to the electron current 
velocity. At this condition the anode plasma sheath voltage drop remains negative at any current. 
Despite this conclusion the positive near-anode voltage drop formation is still possible. It does not 
have to be a voltage drop in the sheath. A geometric-ohmic voltage drop in the thin near-anode plasma 
layer aroused due to current constriction is also possible. In this paper, MHD and kinetic approaches 
have been used to study various possible scenarios for the formation of the positive voltage drop both 
in the anode plasma sheath and in the near-anode plasma region of HCVA. In particular, it was 
demonstrated the formation of the positive voltage drop in the anode plasma sheath when the radius of 
current constriction become less than the electron coulomb collision mean free path. 
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2.  Near-anode voltage drop in 1D Cartesian model 
To study the near-anode voltage drop in HCVA, special kinetic one-dimensional models using 
particle-in-cell (PIC) and Monte Carlo (MC) methods were developed [4]. 
 
Figure 1. Geometry of the model. 
The first model is one-dimensional in “flat” Cartesian geometry. Current density through the 
plasma cloud with the parameters typical for HCVA was specified in the model in order to get an 
electric potential distribution in the plasma and in the plasma sheath. The geometry of the problem is 
shown in figure 1. 
The voltage drop in the plasma shell was calculated both with the application of an external oblique 
magnetic field and without the magnetic field. The results for plasma density in the range 
1014–1015 cm-3 (other parameters in table 1) are shown in figures 2–3. The figures show the 
dependence of dimensionless electron drift velocity at the sheath boundary V0/Vth, Vth = (8Te/me)0.5 on 
dimensionless sheath voltage drop (e/Te). Traditionally, it is assumed that the maximum drift velocity 
of electrons at the plasma boundary is 0.25Vth, and the density of the electron current is equal to the 
density of the thermal electron current. The curve that corresponds with this behavior is curve-1 in 
figures 1–2. In fact, this is true only if electron distribution function (EDF) is close to the non-shifted 
Maxwell distribution function. In the case of one-dimensional current carrying plasma, the EDF is 
close to Maxwell distribution function shifted by the value of the current velocity of the electrons. For 
such a case, an approximate formula was obtained [5] (figure 2, curve 3). According to this formula, 
there is no restriction on the drift velocity of electrons at the plasma boundary, and the anode drop is 
always negative. 
Table 1. Plasma parameters. 
# ne (cm-3) Z L (m) Te (eV) Ti (eV) 
4 1014 1 100 4 1 
5 1015 1 100 4 1 
6 1014 1 100 4 1 no CC 
7 1015 1 33 4 1 
8 1015 2 33 4 1 
9 1015 1 33 4 12 
 
14th International Conference "Gas Discharge Plasmas and Their Applications"































































 4-L-100 m, no CC
 5-L-100 m, Bx-0.1T;Bz-0.1T
 6-L-200 m, Bx-0.3T;Bz-0.3T
 7-L-200 m, Bx-0.3T;Bz-0.1T
 8-L-500 m, Bx-0.3T;Bz-0.3T










Figure 2. Electron velocity at sheath boundary 
as function of sheath potential drop. Plasma 
parameters correspondent to curves 4–9 are 
written in table 1. 
Figure 3. Electron velocity vs. voltage drop for 
plasma with oblique magnetic field. Parameters 
for curves 3–9 are shown in the figure. 
In our calculations, the anode voltage drop also remained negative. The best similarity with the 
formula [5] was obtained for case 6 (table 1), in which Coulomb scattering was not considered. When 
V0/Vth was approached to unity, the ion-sound and then Benemann instabilities developed in the 
plasma, which led to additional heating of electrons. In figure 2, the development of a strong 
instability is noted by a change in the slope of the curve. The negative anode drop, which had 
previously decreased in absolute value, begins to increase in absolute value with increasing V0/Vth. If 
the criterion for the development of a strong instability is not satisfied, then the voltage drop 
monotonically decreases (figure 1, curves 4 and 9). For this case, an interpolation formula for the 
dependence of potential fall on electron drift velocity was obtained for use as boundary conditions in 
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Let us consider how this situation can be affected by an external magnetic field directed at a 
certain angle to the anode (figure 3). This configuration of the magnetic field occurs in HCVA with an 
external axial magnetic field as a result of a combination of self and external magnetic fields. In this 
example, the plasma ion density is 1014 cm-3, the ion charge state is 2. The range of magnetic fields 
(external and self) ~ 0.1–0.3 T is characteristic of HCVA. Only electrons are magnetized.  
For the presence of normal electron conductivity in this case, the Hall electric field 
EHall = [JB]∙(ecne)-1 is necessary (see figure 1). The Hall field must be set artificially. There is 
arbitrariness in the assignment of the spatial distribution of the field along Z. The fact is that on the 
anode the Hall field must be zero, but in plasma this field is nonzero. It is not connected with the near-
anode plasma sheath. The Hall field exists in the plasma within the framework of quasi-neutrality. 
Thus, we assume the simplest dependence: Hall field falls linearly to zero, starting at 0.5 µm from the 
anode. The external magnetic field in the problem can have x and z components (figure 1). 
Anode fall in the case of an oblique magnetic field, as in the absence of a magnetic field, always 
remains negative (figure 3). An exception is curve 9. Curve 9 – the plasma parameters are the same as 
in the case of line 8, namely: L – 500 m, Bx = Bz = 0.3 T. However, the voltage drop is measured over 
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the entire span of 500 μm, i.e. sheath drop plus drop on plasma. It is seen that the total voltage drop at 
high currents becomes positive. The drop on the layer remains negative (curve 8).The voltage drop in 
the plasma mainly occurs due to the anomalous resistance with developed modified ion-acoustic 
turbulence. That is, if someone tries to experimentally measure near-anode drop in such a case, then 
the voltage drop will be positive. But this is not due to a drop in the sheath (which remains negative), 
but because of anomalous ohmic drop in the plasma caused by ion-acoustic turbulence. 
Qualitatively, the behavior of the anode potential drop in the presence of a magnetic field coincides 
with that in the absence of a field (compare figures 2 and 3).The voltage drop remains negative at 
current densities significantly higher than the density of the electron thermal current. The reason for 
this is that EDF in this model is practically a shifted Maxwell distribution function. But such a 
distribution function is formed if the characteristic length of the change in current density is much 
greater than the mean free path of electrons. In the considered examples, this criterion is satisfied. 
3.  Current constriction near anode due to Hall effect 
Some researchers suggest that the positive drop in anode plasma sheath is the reason of some kind of 
instability, which leads to current constriction and the following anode spot formation [1, 2]. However, 
according to our opinion, the positive anode plasma sheath drop can appear as a result of near-anode 
current constriction, which in turn is caused by Hall effect [7–10]. 
To illustrate the current constriction in the HCVA, we consider the model problem of stationary 
current distribution in an axially symmetric interelectrode gap filled with plasma (geometry [8]). 
Taking into account the electron temperature, the system in the MHD approximation is described by 
the following equations [8]: 
2
θ θ θ θ θ1 1
4π σ σ
e z erB u B u B rB Bc
t z r r r r z z
         












e e e e e e e i
ei
T mJ





         
 
   
 (3) 









J B u B
en c c en r r
 
   
 
  (4) 
where the anode voltage drop(a) is obtained from (1). With the plasma parameters typical for HCVA, 
the second term on the left-hand side (4) leads to an anode current constriction (Hall effect). 
Let us consider this effect on the example of a gap (radius 2.75 cm, distance between electrodes 1 
cm, current 10 kA, z – 2) filled with plasma with fixed densities 61014 cm-3 and 4.751014 cm-3 and 
initial temperature 3 eV. It is seen (figure 4) that the Hall effect leads to a strong constriction of the 
current at the anode, and the lower the plasma density, the stronger the constriction. For 
n = 4.751014 cm-3, the current density in the center of the anode is more than three times the electron 
thermal current. In this case, the voltage drop in the near-anode sheath remains negative in accordance 
with the expression (1) obtained from kinetic modeling (figure 5). The heat flux density in the center 
of the anode is about of 2.7105 Wcm-2. At this heat flux, the surface temperature of the copper anode 
in one millisecond will reach the boiling point, after which the anode spot should occur [11]. That is, 
with this approach, the occurrence of the anode spot can be explained without the appearance of the 
positive anode voltage drop. However, as can be seen from figure 4, the radius of the current 
constriction is rather small. In this example, it is on the order of several millimeters. In this case, the 
electron-ion collisions length can be estimated as ~ 0.2 mm, which is significantly less than the radius 
of contraction. Thus, the shifted EDF has time to form and the use of (1) is justified. 
However, with a further decrease in plasma density and maintaining the current density, the 
characteristic scale of the current constriction may become smaller than the electron collision length. 
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In this case, approximation (1) is not applicable and a positive voltage drop in the sheath may occur. 
Such conditions can occur in the case of triggered HCVA and in discharges with a small anode [12]. 











































































Figure 4. Densities of electron thermal current (Js) 
and normal component of electron current (J) on 
anode side for two plasma densities 61014 cm-3 and 
4.751014 cm-3. 
Figure 5. Electron thermal flux from plasma to 
anode (Qe) and voltage drop in anode sheath 
(a) for two plasma densities 61014 cm-3 and 
4.751014 cm-3. 
4.  Near-anode voltage drop in 1D spherically symmetric model 
Let us consider the case when the radius of the current is shorter than the electron mean free path and 
the shifted EDF has not possibility to be formed. For this purpose, a one-dimensional kinetic model of 
near-anode plasma with a spherical cone geometry was constructed. 
Let us consider an example with an internal boundary with a radius of r0 = 20 μm, the external 
boundary with r1 = 120 μm, plasma density n = 1014 cm-3, Te = 3 eV. The electron current is set on the 
outer boundary r1, and a space charge layer is appeared on the inner side, which is necessary for the 
current to pass. Due to the selected geometry, the current density at the internal boundary is greater 
than the current density at the external boundary by factor of (r1/r0)2. The collision length for this 
plasma is about 2 mm, which is much larger than the size of the model system. In this case, the EDF 
on the inner boundary differs substantially from shifted Maxwell EDF (figure 6). If at the inner 
boundary Ve > 0.25Vth, then a positive potential drop occurs in the near-electrode layer (figure 7). As 
can be seen from figures 7–8, when a positive anode voltage drop occurs, the electric field of the 
sheath squeezes the plasma from the electrode until the electric field pressure equals the total plasma 
pressure, and the current density at the sheath boundary approaches the thermal current density. 
Subsequently, the sheath oscillates at a frequency of the order of the ion plasma frequency. An 
electron beam is formed in the gap that appears. In this case, the kinetic current instabilities in the 
plasma do not develop. 
Thus, in this model of spherical current constriction at the anode, when the condition Ve > 0.25Vth is 
satisfied, in the near-anode sheath a positive drop in electric potential occurs. The occurrence of a 
positive potential drop is accompanied by an increase in heat flow to the anode. As can be seen from 
figure 9, for model plasma with a density of 1014 cm-3, the heat flux may exceed 105 Wcm-2. This is 
sufficient to achieve the boiling point on the anode surface during a time about of 1 ms and the 
appearance of the anode spot [8, 11]. The heat flux and the potential drop make aperiodic oscillations 
with a frequency of the order of the ion plasma frequency. When an anode spot appears in an HCVA, 
the voltage drop across the arc increases and the voltage oscillation amplitude increases [11], which, in 
principle, correlates with the behavior of these quantities in our calculations for Ve > 0.25Vth. Note that 
as the radius of the current constriction increases to values exceeding the electron mean free path, the 
threshold electron velocity of the onset of a positive fall gradually increases. 
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Figure 6. EDF in different points of calculation 
domain. Curves 1, 2, 3 – are calculated EDF at 
15, 50, 100 m from anode. Curves 4, 5 – are 
shifted Maxwell EDF at 15, 100 m from anode 
calculated using average electron temperature 
and drift velocities. Current density at r1 is 
2 kAcm-2. 
Figure 7. Phase portrait of electrons (black dots) 
and the distribution of electric potential (red 
curve). The current density at the internal 
boundary is ~ 2 kAcm-2. Internal (anode border) 
at R = 0. 
 




































Figure 8. Electron drift velocities, electron and 
ion densities in the model gap. Current density at 
r1 is 2 kAcm-2. 
Figure 9. Electron heat flux to the anode (Q) 
and potential drop at the calculated interval () 
as function of time. Current densities at r1 
are:1) ~ 1 kAcm-2 (~ 2∙Jth); 2) ~ 1.67 kAcm-2; 
3) ~ 2 kAcm-2 (~ 4∙Jth). 
It should be noted that after the anode is heated and the onset of intense evaporation, an additional 
plasma arises at the anode and the conditions for the existence of a positive voltage drop and Hall 
current constriction (4) are violated. Thus, these mechanisms cannot ensure the maintenance of high 
heat flux to the anode in the mode of a developed anode spot. Recall that in the case of strong 
evaporation from the anode, a positive potential drop in the near-anode sheath may again occur due to 
pushing the plasma away from the anode by a stream of evaporated atoms [13]. 
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5.  Conclusion 
In our work, we once again reminded that the near-anode current constriction in HCVA due to the Hall 
effect can provide heat flux, which is sufficient for the appearance of the anode spot. 
In the case of sufficiently dense plasma, when the radius of the current constriction at the anode is 
much larger than the electron mean free path, the formation of the near-anode sheath was modeled 
within the one-dimensional PIC-DSMC approximation. It was shown that in this case the near-anode 
voltage drop remains negative at any current density. It was shown that oblique magnetic field has 
little effect on the formation of near-anode voltage drop. However, an additional positive potential 
drop may occur in the near-anode region (not in the sheath) due to the anomalous resistance. 
In the case of sufficiently rarefied plasma, when the radius of the current at the anode is less than 
the electron mean free path, the formation of the near-anode sheath was modeled within the one-
dimensional spherically symmetric PIC-DSMC model. It is shown that in this case, if the condition 
Ve > 0.25Vth is fulfilled, a positive voltage drop in the near-anode sheath occurs. The occurrence of a 
positive potential drop is accompanied by an increase in heat flux to the anode. Heat flux and potential 
drop make aperiodic oscillations with a frequency of the order of ion plasma frequency. 
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